mented with 0.5% (wt/vol) glucose at 30°C without shaking. Escherichia coli was grown in Luria-Bertani medium (39) or in 2YT medium (33) at 37°C with shaking. Antibiotics were used at the following concentrations: erythromycin, 200 ,ug/ml for E. coli and 5 tag/ml for L. lactis; chloramphenicol, 5 to 200 ,ug/ml for E. coli and 5 to 20 p,g/ml for L. lactis; and ampicillin, 50 ,ug/ml. DNA purification and library construction. Plasmid DNA from E. coli was isolated by using the alkaline lysis method (5) and was then purified on minicolumns (Qiagen, Studio City, Calif.). Plasmid DNA from L. lactis was isolated as described previously (3) . Phage A DNA was isolated by using the procedure of Helms et al. (20) . L. lactis chromosomal DNA was isolated from crude cell lysates (29) as described by Marmur (32) . To prepare a lactococcal gene library, L. lactis subsp. lactis LM0230 chromosomal DNA was subjected to partial Sau3AI digestion, and the 15-to 23-kbp fragments were isolated by agarose gel electrophoresis and cloned in XGEM-11, using the Packagene system and purified XhoI half-site arms of the vector (Promega, Madison, Wis.). A library of 780 randomly chosen clones was established by picking pure plaques and storing them individually at 4°C in 50 mM Tris-HCI buffer (pH 7.5) containing 100 mM NaCl, 8 mM MgSO4, and 0.01% (wt/vol) gelatin.
DNA techniques. Digestions, electrophoresis, and other DNA manipulations were performed as described elsewhere (39, 50) . E. coli cells were transformed by using the method of Hanahan (18) , and L. lactis cells were transformed by electroporation (36) . Nucleotide sequences were determined by the chain termination method (40) , using plasmid DNA as the template, Taq DNA polymerase (Promega), and fluorescent-dye-coupled primers or terminators. The reaction products were analyzed with a model 373A automated DNA sequencer (Applied Biosystems, FQster City, Calif.). All of the sequence reported below was determined for both DNA strands. Oligonucleotides were synthesized in an Applied Biosystems model 381A DNA synthesizer.
Amplification of DNA by the PCR. L. lactis subsp. cremoHs US3 chromosomal DNA was amplified by the polymerase chain reaction (PCR), using 1 pg of DNA template in 100 pl (final volume) of 10 mM Tris-HCl buffer (pH 8. block as follows: cycle 1, 94°C for 90 s, 37°C for 2 min, and 72°C for 2 min; cycle 2, 94°C for 1 min, 43°C for 2 min, and 72°C for 2 min; cycles 3 to 24, 94°C for 1 min, 50°C for 2 min, and 72°C for 2 min; and cycle 25, 94°C for 1 min, 50°C for 2 min, and 72°C for 13 min. Control mixtures in which template DNA or one of the two primers was absent were incubated at the same time.
RNA isolation. Total RNAs were purified from E. coli by using the method of Aiba et al. (1) and from L. lactis by using a modification (6) of the procedure of van apparatus (Pharmacia, Uppsala, Sweden) by using 0.4 M NaOH as the transfer solution (37) . Northern blots of electrophoresed RNA were prepared by using Hybond-N+ membranes and standard procedures (39 
AGGAATTGCACAAGAATTAGGTATTGTTGACCTTTTTAAAGAAAAAACTCAAGGGGATGCAGAAGACCTTTCTCATGCCTTGGCQATTTACATCQACCTAAA 300
TTGAAAAAAATCTTCGTATTACTAAAGATGTTGTAACTAAAATTGTTGCTTCAGGATTCAAAGGAATCTTCCTCGTTGCTGCTAACCCAGTTGACQATCTT 500
GACATACGCAACTTGGAAATTCTCTGGTTTCCCTAAAAACCGTGTTGTAGGTTCAGGTACTTCACTTGATACTGCACGTTTCCGTCAAGCATTGGCTGAA 600
GATGG2ACAATATGGGGTAAGCGACTTCTACCTTGGTCAACCAGCTGTAGTTGGTGCTGAAGGTGTTGTTAACCCAATT QCQTTCCQATTGAACGATGCTG 1000 pared from these clones indicated that three of them were identical and that the fourth carried a smaller portion of the same region of the lactococcal chromosome. One clone, X632, was used for constructing a restriction site map ( Fig. 1 ) and for cloning in pJDC9 of a 6.0-kbp EcoRI restriction fragment that hybridized with probe A. The recombinant plasmid carrying this fragment was designated pMU2901 (Table 1) .
DNA sequence of idh. Sau3AI, HaeIII, HpaII, RsaI, and HpaI fragments from the 6.0-kbp insertion in pMU2901 were cloned in pJDC9, and the nucleotide sequences of these fragments were determined. This approach did not yield the entire sequence, since stable clones could not be obtained for some sections of the region of interest. The sequences of these sections were obtained by using specifically synthesized oligonucleotide primers and pMU2901 as a template for sequencing reactions. The 1,368-bp nucleotide sequence shown in Fig. 2 includes the region that hybridized with probe A and contains an open reading frame (ORF) of 331 codons (from base pair 100 to base pair 1092).
The deduced amino acid sequence near the C terminus of this ORF (codons 246 to 298) (Fig. 3 ) exhibited 98% identity with the sequence of a 53-residue tryptic peptide from L. lactis subsp. cremoris US3 LDH (10) . This observation provided strong evidence that a gene encoding LDH, which we designated Idh, was present in the sequenced DNA. We concluded that the first ATG codon of the ORF (Fig. 2) was the site of translation initiation since the predicted amino acid sequence immediately after this codon was 90% identical to the previously reported N-terminal sequence of the L. lactis subsp. cremoris enzyme (Fig. 3) . When this initiation site was used, the nucleotide sequence predicted a chain length of 324 amino acid residues and a subunit molecular weight of 34,910 for L. lactis subsp. lactis LDH, assuming the same posttranslational removal of the N-terminal methionine that was observed with the L. lactis subsp. cremoris enzyme (10) .
The adjacent ORF on the 5' side of Idh was 117 bp away ( Fig. 1B) and had the same orientation as ldh (data not shown). The only obvious regulatory signal in this 117 bp of DNA was a possible ribosome-binding site 13 bp upstream from the Idh initiation codon (Fig. 2) . The nearest ORF on the 3' side of Idh was 122 bp away (Fig. 1B) and was present in the reverse orientation compared with ldh. This 122 bp of DNA contained two inverted repeat sequences (Fig. 2) .
Transcripts of these repeats could form stem and loop structures with calculated free energy values (49) observe expression of LDH activity conferred by plasmids carrying this DNA. Since FBP activates lactococcal LDH more than 500-fold (2) but does not affect the activity of E. coli LDH (46) , it was possible to analyze E. coli extracts specifically for the lactococcal enzyme by assaying for FBP-stimulated activity. No significant activity was observed in extracts of E. coli cells containing pMU2901 or pMU2902 (Table 2) . Because of the possibility that functional transcription initiation signals were not present in the lactococcal insertions of pMU2901 or pMU2902, a 65-bp BglII-BamHI fragment containing the phage T7 promoter +10 was isolated from pET-3 and inserted 75 bp upstream from the putative ldh gene in pMU2902, yielding plasmid pMU2903. Initiation of transcription from +10 requires T7 RNA polymerase, making this promoter functional only in E. coli strains carrying T7 gene 1, the gene encoding the polymerase. To obtain transcription of Idh, pMU2903 was introduced into E. coli BL21(DE3), a strain in which gene I was expressed from the lacUVS promoter (44) . Cell extracts of E. coli BL21(DE3)(pMU2903) had high specific activities of FBP-dependent LDH that were increased by growth in the presence of isopropyl-3-D-thiogalactopyranoside (Table   2 ). The specific activities of these extracts were approximately sevenfold higher than those of L. lactis subsp. lactis LM0230 extracts. These data established that the ORF in (Fig. 1). pMU2903 was Idh and that the activity of the encoded enzyme was FBP dependent.
Copy number of ldh in the L. lactis chromosome. EcoRI, HindIII, HaeIII, EcoRV, and HpaI digests of L. lactis subsp. lactis LM0230 chromosomal DNA were separated by electrophoresis through agarose (Fig. 4A) , and a Southern blot was prepared from the gel. Hybridization of the blot with 32P-labeled probe B (Fig. 1) yielded a single hybridizing band in each digest (Fig. 4B) . The measured sizes of the hybridizing fragments (6.0, 4.3, 1.32, 2.65, and 0.77 kbp for the EcoRI, HindIII, HaeIII, EcoRV, and HpaI fragments, respectively) were in agreement with the sizes predicted from the sequence and mapping data shown in Fig. 1 (Fig. 1, probe B) . The band that hybridized most strongly with this probe corresponded to a 4.1-kb transcript, while less intense bands corresponding to 1.2-and 1.1-kb transcripts were also observed (Fig. 5, lane 3) . Unusually shaped bands were present in the region of the blot containing the front edge of the 23S and 16S rRNA bands. A similar phenomenon, possibly an artifact resulting from the extremely high concentrations of the rRNA species in the gel, has been observed by other investigators (12) . To examine the limits of the 4.1-kb transcript, Northern blots of lactococcal RNA were hybridized with probes from the DNA surrounding ldh. Two probes from the 5' side of Idh (Fig. 1 , probes C and D) hybridized with the 4.1-kb transcript (Fig.  5, lanes 1 and 2) , whereas a probe from the region that began 900 bp to the 3' side of ldh (Fig. 1 , probe E) hybridized to a slightly smaller transcript (3.9 kb) (Fig. 5, lane 4) . The simplest explanation of these observations is that ldh was expressed at the 3' end of a 4.1-kb multicistronic operon and that another, slightly smaller transcript was expressed from the DNA immediately 3' to ldh. The failure to observe hybridization of either of these transcripts with probe F (Fig.  5, lane 5) , which contained the DNA 5 kbp 3' to ldh (Fig. 1) , was consistent with this model.
Promoter cloning studies. To search for an ldh promoter, a 621-bp HpaI fragment containing the DNA immediately 5' to ldh was cloned into the filled-in SalI site of pGKV210, a promoter-detecting E. coli-L. lactis shuttle vector (26) . After transformation of E. coli with the ligation mixture, recombinant plasmids carrying the HpaI fragment were identified by colony hybridization with probe G (Fig. 1) . Constructions with the fragment inserted in the vector in each orientation (pMU2904 and pMU2905) were then identified by restriction mapping. Assays of L. lactis subsp. lactis LM0230 derivatives carrying these plasmids revealed that neither conferred CAT activity (Table 3 ). This result showed that the DNA Terminitor cloning studies. The results of th blot analyses suggested that the terminator i transcript was located immediately 3' to the genm tigate this further, a 286-bp PstI fragment contair bp of DNA between the 3' ends of Idh and the ad (Fig. 1 ) was cloned in a terminator-detecti pGKV259 (26) . For this cloning it was necessa form L. lactis subsp. lactis LM0230 cells direci ligation mixture, since major rearrangements of binant plasmid were observed in E. coli transfk one of the plasmids which we isolated (pM inserted DNA was transcribed from left to right (   Fig. 1) , enabling this plasmid to be used to det4 nator of Idh transcription. Another isolate (pMT tained the PstI fragment in the other orients pMU2906 and pMU2907 conferred significantly I of CAT activity than the level conferred by pGKI 3), indicating that transcription entering the Ps from either direction was terminated efficiently.
Mapping of ldh on the L. lactis subsp. lactis chr( physical map of the chromosome of L. lactis si DL11 was constructed recently by using puls electrophoresis (50) . To place ldh on this map, high-molecular-weight DNA from L. lactis su DL11 were digested with NotI, SmaI, and NotI the products were separated by pulsed-field gel resis (Fig. 6A) , and Southern blots of the resultin hybridized with 32P-labeled X632 DNA; in the th tions, the bands that hybridized with the probe containing fragments of 310, 50, and 50 kbp, r (Fig. 6B) . The 310-kbp band corresponded to fral while the 50-kbp bands corresponded to frag which has been shown previously to contain threi (Fig. 3 ). This homology is strongest tly with the with the LDH of Streptococcus mutans (76% identity) and the recomweakest with the LDH of Bifidobacterium longum (36% ormants. In identity). At the DNA level the L. lactis and S. mutans genes U2906) the exhibit 75% sequence identity. Extensive structural and 'as drawn in mutagenic studies with LDHs from muscle and Bacillus ect a termistearothermophilus have resulted in the identification of a J2907) connumber of the amino acids involved in catalysis, ligand ation. Both binding, and activation by FBP (8, 9, 23) . These amino acids lower levels can be readily identified in L. lactis LDH by using the amino V259 (Table  acid sequence homology data ( Fig. 3 and A complete transcriptional analysis of the gene encoding LDH has not been reported for any other bacterium. The best-defined examples are Lactobacillus casei and Bifidobacterium longum, in which the promoter is close to the 5' end of the gene and the 3' DNA contains a putative transcriptional terminator, suggesting that a monocistronic transcriptional unit occurs in these organisms (25, 34) . In Bacillus stearothermophilus the LDH gene may be at the 5' end of a multicistronic operon (4) . The regulatory implications of the expression of Idh in a multicistronic operon in L. lactis subsp. lactis are of interest. The full complement of the operon is not defined; however, the predicted amino acid sequences of two ORFs 5' to Idh exhibit homology with the sequences of pyruvate kinase and phosphofructokinase (30) . Like LDH, these two enzymes are required for the conversion of lactose to lactic acid. The activities of these three enzymes are interdependent and significantly affect the rate of synthesis of lactic acid (48) . Therefore, the characterization of the operon and its regulation should provide useful insights into the control of lactic acid synthesis and energy production in L. lactis.
